Novel La and F co-doped Bi 2 MoO 6 architectures were first successfully synthesized via a facile solvothermal process, and characterized using XRD, SEM, TEM/HR-TEM, XPS, EDS, UV-Vis DRS and PL spectra. The enhanced photocatalytic activities of La and F co-doped Bi 2 MoO 6 architectures were evaluated by the photodegradation of rhodamine B (RhB) under visible-light irradiation. The results demonstrated that the F-1.0 at% La-Bi 2 MoO 6 photocatalyst exhibits significantly enhanced photocatalytic activity, which is 6.54 times higher than that of pure Bi 2 MoO 6 . The cause can be attributed to the co-incorporation of La and F into Bi 2 MoO 6 broadening the absorption in the visible-light region and thereby leading to the formation of new energy levels on top of the valence band of F-La-Bi 2 MoO 6 , and on the other hand, the synergistic effect of F and La, in which F doping led to the increase of absorptivity of F-Bi 2 MoO 6 and acted as an n-type impurity to supply a hole carrier. The doped La 3+ ions act in a key role to capture and transfer/release the photogenerated electrons for conversion from O 2 to $O 2 À to delay the recombination of the photogenerated electrons and holes, greatly suppressing the recombination of photogenerated electron-hole pairs and thus significantly improving photocatalytic activity in RhB photodegradation. The radical capture experiment confirmed that h + and $O 2 À were the main active species and were responsible for RhB photodegradation. Moreover, on the basis of the PL spectra, active species trapping detection and photocurrent response experiments, the mechanism of the enhanced photocatalytic activity for F-La-Bi 2 MoO 6 was proposed.
Introduction
During the past few decades, with the increase in environmental crises and energy shortages, the study of environmental purication-and energy conversion-based efficient photocatalysts and solar cells have attracted considerable attention. Titanium dioxide (TiO 2 ) has been widely investigated due to its high activity, long-term stability, low price and availability.
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Unfortunately, TiO 2 -based photocatalysts possess a wide band gap of 3.2 eV and can be activated under UV light, which only accounts for 4% of solar energy, thus greatly limiting their practical applications. 4, 5 From the viewpoint of solar energy utilization, it is very urgent to develop efficient visible-lightactive photocatalysts for broadening the visible-lightresponsive range of TiO 2 -based photocatalysts, 6, 7 and to exploit new photocatalysts, such as a promising Bi 2 MoO 6 -based photocatalytic system. 9, 10 and is a semiconductor with a smaller band gap (2.5-2.8 eV), capable of capturing visible light and exhibiting photocatalytic activity for water splitting and degradation of organic pollutants. 8, [11] [12] [13] However, owing to the rapid recombination of Bi 2 MoO 6 -based photocatalysts as photogenerated carriers, its practical application is greatly limited.
14,15 Therefore, to overcome these drawbacks of Bi 2 MoO 6 , various strategies have been explored to improve the photocatalytic efficiency of Bi 2 MoO 6 , such as noble metal deposition modication, 16 heterostructure construction, 17, 18 ion doping, 19, 20 etc. Among these strategies, element doping has proven to be a commonly facile and efficient route to broaden the visible responsive region and repress the recombination of electron-hole pairs. 21 For instance, Alemi and coworkers successfully synthesized Ln(Gd 3+ , Ho 3+ and Yb 3+ )-doped Bi 2 MoO 6 with an Aurivillius layered structure and indicated a high optical response to visible light. 22 Especially, uorination is an effective method to repress the recombination of charge carriers, 23 which has been observed in many uori-nated semiconductors such as F-doped TiO 2 (F/TiO 2 ), [24] [25] [26] 29 To further achieve optimal photocatalytic activities, people have turned to co-doping two elements into a photocatalyst in order to utilize the synergistic effect for enhancing their photocatalytic performance. 21 Recently, F/Ca, Si/Fe, La/F and N/La co-doped-TiO 2 photocatalysts with signicantly improved photocatalytic activity were reported, 7, [30] [31] [32] [33] and Ce and F co-doped-Bi 2 WO 6 with enhanced photocatalytic activity has been successfully synthesized.
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Nevertheless, on the basis of the synergistic effect of F and La two-element co-dopants, investigations focused on the codoping of nonmetal and metal elements into Bi 2 MoO 6 -based photocatalysts for improving photocatalytic performance are neglected.
In this study, an F/La-co-doped Bi 2 MoO 6 photocatalyst has been successfully prepared via a facile one-step alcohol-thermal method for the rst time. Rhodamine B was selected to evaluate the photocatalytic visible-light-responsive activity of the F and La co-doped Bi 2 MoO 6 . The mechanism for the enhancement of the photocatalytic activity of the F-La-Bi 2 MoO 6 architectures was also discussed according to the results from the photoluminescence (PL) spectra, active species trapping detection and photocurrent response experiments.
Experimental

Synthesis of F-La-Bi 2 MoO 6
All chemical reagents were analytical grade and used without further purication. For F/La-co-doped Bi 2 MoO 6 , a typical synthesis procedure is as follows: Bi(NO 3 ) 3 $5H 2 O (1.3 mmol) was dissolved in 13 mL of ethylene glycol. Then, powdered Na 2 MoO 4 $2H 2 O (0.65 mmol) was added to the above solution and stirred at room temperature for 20 min to obtain solution A. Concurrently, La(NO 3 ) 3 $6H 2 O (0.013 mmol) and NaF (0.65 mmol) were stirred in 32.5 mL of ethanol at room temperature for 20 min to obtain a clear solution B (theoretical molar ratio: F/Mo ¼ 1). Aerwards, solution B was slowly added dropwise into solution A under stirring to form a homogeneous solution. Aer being stirred for 30 min, the resulting solution was transferred into a 65 mL Teon-lined stainless steel autoclave and kept at 160 C for 12 h. Subsequently, the autoclave was naturally cooled down to room temperature. The obtained samples were separated centrifugally, washed with ethanol and deionized water several times, and nally dried at 80 C for 12 h in air. For the synthesis of F-Bi 2 MoO 6 and La-Bi 2 MoO 6 , a similar process was used.
Characterization
X-ray diffraction (XRD) analysis was performed on a Shimadzu XRD-7000 X-ray diffractometer using Cu-Ka radiation (l ¼ 0.15418 nm) at a scanning rate of 2 per minute in the 2q range of . The accelerating voltage and the applied current were 40 kV and 30 mA, respectively. X-ray photoelectron spectroscopy (XPS) images were recorded on a PHI-5400 X-ray photoelectron spectrometer. The eld emission scanning electron microscopy (FE-SEM) images were taken on a JSM-6700F scanning electron microscope. (High-resolution) ) was obtained from the adsorption data at relative pressure P/P 0 ranging from 0.05 to 0.2. The UV-Vis diffuse reectance (UVVis-DRS) spectra of the samples were obtained using a Shimadzu UV-2550 UV-Vis spectrophotometer. BaSO 4 was used as a reectance standard. Photoluminescence (PL) spectra were measured using a F-4500 spectrophotometer (Hitachi, Japan) at an excitation at 400 nm. Time-resolved uorescence decay spectra (TR-PL) were recorded on a FLS920 uorescence spectrometer (Edinburgh Analytical Instruments, UK) using the time-correlated single photon counting method, excited with a picosecond diode laser (EPL-375) at 377.8 nm, and monitored at 460 nm.
Photocurrent-time measurement
Photocurrent measurements were performed on a CHI 660D electrochemical workstation (Shanghai Chenhua, China) using a standard three-electrode conguration with a working electrode, a platinum wire as a counter electrode, and a saturated calomel electrode (SCE) in saturated KCl as a reference electrode. The typical working electrode was prepared as follows: 10 mg of ground sample was dispersed ultrasonically in 2 mL of distilled water to make a slurry. The slurry was then dispersed onto an ITO glass electrode and the electrode was dried at 60 C for 6 h. The photocurrent measurement was carried out at the open circuit potential. The light source employed was a 400 W halogen lamp. Prior to and during the measurements, Na 2 SO 4 (0.5 M) aqueous solution was used as the electrolyte.
Photocatalytic activity
The evaluation of the photocatalytic performance of samples for photocatalytic decolorization of an RhB aqueous solution was performed as follows: a 400 W halogen lamp was used as the visible-light source with a cutoff lter to cut off the light below 420 nm. The suspensions containing 200 mg of photocatalyst and 200 mL of a fresh aqueous solution of RhB (10 mg L À1 ) were continuously stirred in the dark for 1 h to establish an adsorption/desorption equilibrium for the RhB solution. Aer this period of time, the light source was turned on. During the reaction, 5 mL of solution samples were taken at given time intervals and the photocatalysts were separated through centrifugation. The supernatant solution was decanted and the absorbance of RhB was determined through its maximum absorption band using a Shimadzu 2550 UVvisible spectrophotometer and the absorption peak at 553 nm was monitored. The photocatalytic degradation efficiency for RhB was obtained according to the concentration of the solution.
3 Results and discussion 
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XPS spectra were presented to determine the oxidation state and elemental composition of the samples. Fig. 2A shows the typical survey XPS spectrum of the F-1.0 at% La-Bi 2 MoO 6 sample. As can be seen, the sample contains Bi, Mo, O, La and F elements, which is consistent with the chemical composition of the photocatalysts that we expected to obtain. The C element should be attributed to the adventitious hydrocarbon from the XPS instrument itself. 34 The high resolution spectra of Bi 4f, Mo 3d, O 1s, F 1s and La 3d are displayed in Fig. 2B (Fig. 2D) can be tted into two kinds of chemical states: peaks at 530.9 and 529.9 eV are assigned to hydroxyl groups and lattice oxygen, respectively. 38 In addition, as shown in Fig. 2E , a shoulder peak located at 684.0 eV in the XPS spectrum of F-1.0 at% La-Bi 2 MoO 6 should correspond to the uorine ions in the interstitial crystal lattice. 25, 39 The XPS spectrum of the La 3d of F-La-Bi 2 MoO 6 is depicted in Fig. 2F . The characteristic peak of the La 3d region is situated at 834.8 eV, which corresponds to the La 3+ state, 40 and the weak intensity was observed due to the low loading of La. All the results indicated that F and La were successfully co-doped into the crystal lattice of Bi 2 MoO 6 to form F-La-Bi 2 MoO 6 .
SEM/TEM observation and EDX analysis
The representative FE-SEM images of the as-prepared samples are shown in Fig. 3 . All pure Bi 2 MoO 6 , La-Bi 2 MoO 6 , F-Bi 2 MoO 6 and F/La-Bi 2 MoO 6 samples exhibited partially hollow or solid three-dimensional (3D) spherical architectures with average diameters of 1-2 mm (Fig. 3A-F) , regardless of the doping of F and La. The microspheres were composed of a large amount of nanoplates with thicknesses of 20-50 nm. It is difficult to nd differences in their morphology from the FE-SEM images before Moreover, the content of La in the samples was analyzed using EDX spectra and is listed in Table 1 . As viewed in Fig. 5 exhibit that all microspheres are composed of loose nanoplates with a thickness of 10-20 nm (Fig. 5(A, B, D  and E) ). The corresponding selected area electron diffraction (SAED) patterns (inserts in Fig. 5B and E) clearly reveal the polycrystalline nature of the pure Bi 2 MoO 6 and F/La-co-doped Bi 2 MoO 6 with the same symmetry. The representative HRTEM images ( Fig. 5C and F) clearly show that the interplanar spacing of (131) of F/La-co-doped Bi 2 MoO 6 has a slight change compared to that of pure Bi 2 MoO 6 , due to the F and La doping. In addition, the specic surface areas of the as-prepared samples are listed in The visible light activities of the synthesized samples were evaluated by measuring the degradation of RhB. As shown in Fig. 7A , the degradation of RhB was negligible in a blank experiment. However, when F or La modied Bi 2 MoO 6 were used as photocatalysts, the photodegradation rate was markedly improved, and nearly 100% degradation of RhB could be completed within 80 min. The ordering of photocatalytic activity is F-1.0 at% La-Bi 2 MoO 6 > 1.0 at% La-Bi 2 MoO 6 > FBi 2 MoO 6 > 1.4 at% La-Bi 2 MoO 6 > 0.6 at% La-Bi 2 MoO 6 > Bi 2 MoO 6 . For the La-doped Bi 2 MoO 6 series, it is obvious that the photocatalytic activity of 1.0 at% La-Bi 2 MoO 6 is higher than that of the two others. Moreover the F/La-co-doped Bi 2 MoO 6 shows the highest photocatalytic performance. According to the rst order kinetics model 43, 44 and the tted plots of ln(C 0 /C) versus reaction time t (not shown), a pseudo-rst-order reaction for the photodegradation of RhB was found that is based on the equation ln(C 0 /C) ¼ k app t, where k app is the apparent rate constant (min À1 ), C 0 and C are the initial concentration (mol
) and the instantaneous concentration of RhB, and the k app constants are 7. Fig. 7B . The results demonstrated that the photocatalytic activity of F-1.0 at% La-Bi 2 MoO 6 is much higher than that of pure Bi 2 MoO 6 , clearly revealing the synergistic effect of F and La co-dopants. As a monitoring, Fig. 7C clearly shows the change in color and concentration of photodegraded RhB solution with increasing reaction time in the presence of photocatalyst F-1.0 at% La-Bi 2 MoO 6 under visible light irradiation. The main absorption peak of RhB gradually shied from 553 to 498 nm, indicating the stepwise formation of a series of N-deethylated intermediates. 45, 46 This process is in good agreement with the destruction of the conjugated structure and N-demethylation of the RhB dye 35 which reects the color of the RhB solution quickly changing from bright red to colorless under visible-light illumination.
Mechanism of enhanced photocatalytic activity
Owing to the PL emission results from the recombination of photogenerated electron-hole pairs, 47 the low PL intensity implies a low recombination rate of charge carriers. 48 For pure Bi 2 MoO 6 , F-or La-doped and F/La-co-doped Bi 2 MoO 6 photocatalysts, their PL spectra are shown in Fig. 7D . When the excitation wavelength was 400 nm, the PL spectrum of the asprepared Bi 2 MoO 6 revealed that four peaks appeared at 423, 460, 475 and 535 nm. The strongest blue emission peak at ca. 470 nm is attributed to the intrinsic luminescence of Bi 2 MoO 6 , which originates from the photoinduced electron transfer transitions between the hybrid of Bi 6s and O 2p (VB) to the empty Mo 5d orbital (CB) in the MoO 6 2À complex. 49 The blue emission peak centered at 425 nm is attributed to the intrinsic transition of Bi 3+ ions from the 3 P 1 (6s6p) excited state to the 1 S 0 (6S 2 ) ground state. 50 The emission peak at 535 nm (green) is attributed to the defects of metal atoms and oxygen vacancies during the crystal growth process, 51 which become defect centers and thus affect the optical properties of Bi 2 MoO 6 . It can be observed that with the (co)doping of La or (and) F atoms into the Bi 2 MoO 6 phase, the intensity of the PL spectra obtained is obviously lower than that of pure Bi 2 MoO 6 , indicating that the recombination of photogenerated charge carriers is signi-cantly inhibited by F and La dopants. The lower recombination of charge carriers suggested a higher photocatalytic activity, which is in good agreement with the result of the RhB photodegradation experiments.
To further understand the recombination process in the samples, the recombination kinetics of the photoinduced charge carriers in Bi 2 MoO 6 and F-1.0 at% La-Bi 2 MoO 6 was monitored using time-resolved uorescence spectroscopy. The uorescence intensity at 460 nm was monitored upon excitation at 400 nm and the decay spectra are shown in Fig. 8 . Multiexponential decays are observed from the curvatures of the plots. These spectra t well with the triple-exponential decay models, with c 2 values close to 1.0 (Table 2) . Their lifetimes and intensities are also listed in Table 2 . The three lifetimes s 1 , s 2 and s 3 of F-1.0 at% La-Bi 2 MoO 6 are 0.34, 1.84 and 10.11 ns, with intensities of $56.60, $39.37% and 4.03% of the total uores-cence intensity, respectively ( Table 2 ). The prolonged lifetime originates from the F and La doping, which effectively reduces the recombination of photogenerated electrons and holes.
Additionally, the lower intensity of the PL spectra indirectly reects the high separation efficiency of photogenerated electrons and holes that can be further corroborated by employing photocurrent measurements. 52 The higher photocurrent density means a longer lifetime of the photogenerated charge carriers and a higher photocatalytic activity. 47 In our study, I-t curves with ve on-off cycles of intermittent irradiation for pure Bi 2 MoO 6 and F-1.0 at% La-Bi 2 MoO 6 are shown in Fig. 9A . The results reveal that the F-1.0 at% La-Bi 2 MoO 6 had a higher transient photocurrent density compared to that of the pure Bi 2 MoO 6 , indicating that the lifetime of the photogenerated carriers is signicantly enhanced. Obviously, the investigation on photocurrent is in accordance with the results of the PL spectra and time-resolved uorescence spectroscopy.
To further conrm the possible reaction mechanism for the photodegradation of RhB over F-La-Bi 2 MoO 6 , we performed a series of controlled experiments under visible irradiation, as shown in Fig. 9B . The reaction performed under nitrogen atmosphere showed a lower degradation of RhB, implying that molecular oxygen acted in a crucial role in the reaction.
In addition, the determination of the major active species in photocatalysis can be carried out via radical and hole trapping experiments to characterize the roles of free radicals in the reaction. [53] [54] [55] As a characteristic reagent for determining hydroxyl radicals ($OH), the addition of isopropanol (IPA) in the reaction system did not show any signicant change or any obvious effect on the degradation of RhB, conrming that hydroxyl radicals were not the main active species. However, when benzoquinone (BQ) was added, the degradation efficiency of RhB markedly decreased, implying that superoxide radicals ($O 2 À ) were one of the main active species for the degradation of RhB. When ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) was added to the reaction system, the degradation of RhB was signicantly suppressed, suggesting that $O 2 À and photogenerated holes (h + ) served as the main active species and manipulated the photodegradation of RhB in the presence of photocatalyst F-La-Bi 2 MoO 6 . Based on the above-mentioned results, we postulate that $O 2 À and h + were generated in the reaction system to act as the main active species for the RhB degradation in the presence of the photocatalyst under visible light irradiation, and the main degradation processes of RhB are as follows: 
Based on the observed effects of scavengers, a possible photocatalytic mechanism for the enhanced photocatalytic activity of F-La-Bi 2 MoO 6 was proposed via the synergistic effect of La and F co-doping, as shown in Fig. 10 . We think, on the one hand, the F doping results in a red-shi in the absorption edge, indicating that new energy levels consisting of the F 2p and O 2p states were formed on top of the valence band of the F-doped Bi 2 MoO 6 , 27 and on the other hand, the F doping may act as an n-type impurity in the Bi 2 MoO 6 substrate to increase electron density and thus improve the photocurrent density of the doped Bi 2 MoO 6 under visible light irradiation. As a result, the F-doped Bi 2 MoO 6 exhibits an enhanced photocatalytic activity. rationally proposed to explain the enhancement of the photocatalytic performance of the F-La-Bi 2 MoO 6 photocatalyst. The synergistic effect of F and La effectively improves the separation and transfer efficiency of photogenerated charge carriers and simultaneously represses the recombination of h + and e À , and thus results in signicant enhancement of the photocatalytic activity for the degradation of RhB. The present work provides a better insight into the synergistic effect of La and F codopants. The co-doping strategy of rare earth and nonmetal elements may be a simple method for improving the photocatalytic activity of Bi 2 MoO 6 -based photocatalysts and application in other photocatalytic systems.
